High concentrations of fluoride (up to 7.6 mg/L) are a recognized feature of the Wailapally 12 granitic aquifer of Nalgonda District, Andhra Pradesh, India. The basement rocks provide 13 abundant sources of F in the form of amphibole, biotite, fluorite and apatite and whole-rock 14 concentrations of F in the aquifer are in the range 240-990 mg/kg. Calcretes from the shallow 15 weathered horizons also contain comparably high concentrations of F, in the range 635-16 950 mg/kg. The concentrations of water-soluble F in the granitic rocks and the calcretes are 17 usually low (1% of the total or less) but broadly correlate with the concentrations observed in 18 groundwaters in the local vicinity. The water-soluble fraction of calcretes is relatively high in 19 weathered calcretes compared to fresh samples. 20
These alkaline soils in the east likely formed due to high evaporation rates and a historic 93 shallow water table. 94
The aquifer is composed of Archaean basement rocks of the Peninsular Gneissic Complex. 95
These comprise biotite-rich grey or pink granite, porphyritic granite and migmatitic granite 96 gneiss (Natarajan and Murthy, 1974) . Younger intrusions of pink granite are also common in 97 this area, especially in the western region. 98
The rocks are medium-to coarse-grained and composed of greyish or white feldspars, bluish 99 grey or white translucent to opaque quartz, biotite, and hornblende. Fluorite occurs as 100 anhedral grains disseminated in the grey and pink porphyritic gneiss. Quartz and apatite veins, 101 and dolerite dykes are aligned along the major N-S or E-W oriented fractures (Reddy, 2002) .6 area and in particular the higher concentrations are from porphyroblastic and pink granites. 106
The weathered zone overlying the bedrock varies in thickness from 30-40 m in the west to 107 less than 10 m in the east. The thick weathered zone in the west has developed as a result of 108 abundant joints and fractures in the granite and accumulation of colluvial deposits due to the 109 hilly terrain. In the east, the weathered zone is thinner because of less jointing and flatter 110 topography. 111
Calcrete is well-developed in the weathered zone over much of the watershed, notably the 112 central and low-lying eastern parts. It is however, absent from the western section (zone I) and 113 the watershed periphery. Calcrete deposits are observed at the ground surface in the alkaline 114 soils in the east but are also observed in several areas at depths of 10-15 m from dug-well 115 sections. Surface and near-surface exposures occur as hard layers, sometimes extensive but 116 typically as discrete patches. Nodular forms of calcrete also occur in some places. Calcretes 117 found in the dug-well sections are highly weathered. 118
Topographic elevation varies from 420 m in the west to 280 m in the east with an average 119 topographic gradient of 8 m/km. The gradient is steeper in the western half than in the east. 120
There is no well-developed drainage system in the area, although streams originating in the 121 western hills flow eastwards (Fig. 1) . The main stream, Wailapally Vagu, flows from the 122 central part of the catchment and terminates at the man-made irrigation tank at Yelmakanna 123 (Fig. 1) . Similarly, south of Wailapally Vagu, many small streams end abruptly after flowing 124 a short distance eastwards, reflecting the high permeability of the soils. There are a few 125 artificially made irrigation tanks across the streams where the surface water storage is for a 126 limited period (a few days to 1-2 months depending on rainfall). As a result of the high temperature, average potential evaporation is about 1400 mm, which is 132 more than twice the average annual rainfall (measured at the Wailapally village, centre of the 133 watershed). 134
Hydrogeology 135
Groundwater is present in both the weathered zone and bedrock fractures. Significant 136 deformation has produced a network of intersecting fractures in the weathered zone which 137 provides hydraulic continuity between the two systems. Groundwater occurs mainly under 138 unconfined conditions, although semi-confined and confined conditions exist locally due to 139 sheet joints in the basement rock. Erratic rainfall and over-exploitation of groundwater in 140 recent years has led to severe water shortages for irrigation and drinking. About 2500 wells 141 exist in the catchment, including both dug wells and boreholes, as inventoried in the 88 km 2 142 non-hill terrain of the watershed. Of these, almost all dug wells of ≤15 m depth are dry, as are 143 some 40% of the boreholes drilled down to depths ranging to 120 m. Discharge from the 144 remaining boreholes is poor, typically in the range 1.5 to 3 L/s. 145
The watershed is almost a closed basin with only one outlet to the east. The ground elevation 146 difference between the stream area in the central part and the watershed boundary is about 147 20-25 m. No external sources of water supply exist in the watershed either for irrigation or for 148 drinking purposes. The main input source to the groundwater is rainfall recharge. A recharge 149 study (Reddy et al., 2009 ), conducted in this area using environmental chloride, indicates that 150 the bulk of the vertical recharge in the western elevated land occurs through preferred 151 pathways and that a small fraction occurs 152 through the soil matrix. The dominating preferential flow is high ( 16% of the annual average rainfall) in the valley fills, but 153 decreases to 5-5.5% in the plains, whereas the matrix (piston flow) recharge is only 1-1.5% 154 of rainfall. Furthermore, considerable lateral movement of groundwater down the slope allows 155 sequential hydrochemical changes to occur (Reddy et al., 2009) . 156
The groundwater sampling campaign for this study was carried out under pre-monsoon 157 drought conditions during June 2004. At the time, the depth to water table varied from 40 m 158 in the west to 7 m in the east (380 to 270 m a msl, Fig. 2) , with an average hydraulic gradient 159 7.5 m/km. The gradient was steeper in the west. 160
In addition to the quantity problems, the area is facing a severe water-quality problem. High 161 concentrations of naturally-occurring F in the groundwater make it unsuitable for drinking, 162
and alternative sources of drinking water are currently not available. 163
Based on the relatively high water-level increase (27-35 m) during above-normal rainfall 164 conditions in 2005, low Cl concentrations in the groundwater (average 17 mg/L), and its pulse 165 movement to groundwater recharge (preferential recharge), the western part of the study area 166 (zone I) is demarcated as a recharge zone (Fig. 1) . The eastern part (zone IV) is demarcated as 167 a discharge zone based on low water-level fluctuation (ca. 4 m), lower recharge rate (ca. 1%) 168 and higher groundwater Cl concentration (average 120 mg/L) (Reddy et al., 2009) . 169
Groundwater samples 170
As almost all open wells were dry, groundwater samples were taken only from boreholes. Out 171 of 433 boreholes sampled from the watershed during the well inventory period (pre-monsoonHowever, a few boreholes were abstracting water exclusively from sheet joints at greater 177 depths. Most of the domestic boreholes are fitted with hand pumps and almost all agricultural 178 boreholes have 5 HP submersible pumps. 179
Electrical conductance and pH of the water samples were measured using the Consort C533 180 portable multi-parameter analyzer. 
Rock and soil samples 192
Soil samples were collected from vertical profiles at nine sites across the study area (Fig. 1) . In a further experiment, samples of calcrete were leached (1:1 ratio) for a week and the 212 supernatant liquid analysed for F in order to investigate dissolution over a longer timescale. 213
Another experiment with 50 g of calcrete and 100 mL milli-Q water (1:2 ratio) was also 214 undertaken to investigate the effect of solid/solution ratio. 215
Results 216
Although more than 480 groundwater samples were collected and analysed in the study, 50 217 samples were excluded from consideration due to anthropogenic contamination determined 218 from associated high nitrate (≥50 mg/L) and chloride (>100 mg/L) concentrations. These 219 samples were in all cases located within and close to villages where groundwater suffers 220 locally from contamination by latrines and animal wastes. Thus the data for 433 non-221 contaminated groundwater samples have been used for analysis and interpretation (Fig. 2) . 222
To describe the hydrochemical evolution and processes in the aquifer, the watershed has been 223 divided into four zones based on the geomorphology and hydrogeological conditions. Zone I 224 covers the valley fills (mostly thick weathered zone with some colluvium) in the western part 225 of the watershed, zone II is pediment, zone III moderately weathered pediplain and zone IV is 226 shallow weathered pediplain in the eastern part of the watershed (Fig. 1) . 227
Hydrochemical variation 228

Major ions 229
A statistical summary of the groundwater chemical data for the watershed is given in Table 1 . 230
The complete dataset is provided in the Supplemental Data. For the watershed as a whole, the 231 average pH value is 7.7 with a range of 6.6 to 8.9 and average electrical conductivity is 925 232 parameters when considering the sample set as a whole (Table 2) . Correlations are also 266 generally poor within zones. However, Table 2 indicates that for groundwaters with low F Despite the overall lack of spatial trend in F concentrations, some systematic lateral variations 272 are observed in small areas. A 3.5 km stretch in the valley fill/recharge area of zone I shows a 273 progressive downgradient increase in F from 1.6 mg/L to 4.5 mg/L (Fig. 3) . However, there is 274 no significant correlation between F and other major ions in these groundwaters (Fig. 3a-d) . The relationship between total and water-soluble F concentrations has been investigated in the 341 nine soil profiles from all four zones in order to assess the lability of F in the solid phase. Data 342 for average total and water-soluble concentrations from profiles, together with concentrations 343 in granitic bedrocks and in groundwater from nearby boreholes are given in Table 3 . 344
Of the soil profiles, that from Wailapally is the thickest (to a depth of 3.6 m) and that from 345
Puttapaka is the thinnest (to 0.5 m depth; Table 3 (Table 3 ). The great variation in the water-soluble F concentrations appears largely 383 to be controlled by the degree of weathering. For example, despite the high concentration of 384 total F in fresh nodules collected from the ground surface at Wailapally (average 950 mg/kg), 385 the water-soluble concentration is below detection limit (Table 3) (Table 4) . 417 Downgradient of zone I, the groundwaters evolve from Na-Ca-HCO 3 type through a Na-Mg-418 HCO 3 type in zone II, to Na-Mg-Cl-HCO 3 type in zone III, and ultimately to Na-HCO 3 or Na-419 HCO 3 -Cl type in discharge zone IV. Groundwater pH also increases downgradient, from a 420 median of 7.3 in zone I to 8.5 in zone IV, the increase in response to silicate-mineral 421 dissolution, and potentially also degassing of CO 2 in the discharge zone. (Table 3) . It is suggested that the limited range of concentrations of F in the fluorite-448 undersaturated waters is due to buffering by co-precipitation with, or adsorption to, calcrete.
petrology of these has not been studied in detail, but calcretes elsewhere are dominantly 452 composed of microcrystalline calcite, with variable but usually low concentrations of Mg 453 (typically less than 3 mol % MgCO 3 ). Concentrations of MgO in the analysed calcretes are 454 usually <3 weight % but reach up to 15.6 weight % (Table 5) . Watts (1980) 
